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Utilization of high density energy assisted metal forming is gaining traction in recent 
year. By applying high energy to small local area, this method can improve metal’s 
workability with efficient energy usage. One of several methods in high density energy 
assisted metal forming is electricity assisted metal forming. Electric current was applied 
to working material in order to improve its workability while increases its temperature at 
the same time. But, the effect of temperature was stated as not the only driving force in 
case of flowing current. Troitskii and Okazaki et al. each stating that there is different 
mechanism than using only elevated temperature. Later, this effect was coined as 
electroplasticity by Conrad as he stated that electron wind force was present when electric 
current flowing thus promotes dislocation movement. 
But, the existence of electroplasticity effect itself still in open debate. Magargee 
observed that the electroplastic effect did not present while the material was forced 
cooled into room temperature while deformation. This observation making the change in 
flow stress and elongation appears to be only attributed to the temperature. Jordan and 
Kinsey in 2015 also did not observe electroplastic effect with current density at 40 A/mm2. 
The reduction in force during initial stages was observed as function of temperature thus 
making the effect from electricity absent at this setup. Kinsey, Cullen, and Jordan did not 
observed any current effect from the induced eddy current in tension Kolsky bar 
experiment using high deformation rate. This mean the effect of electricity and pulsed 
current still open for discussion and need more investigation with different approach to 




Several prior researches already been conducted to reproduce the electroplasticity 
effect. One of the recent developments was using electricity in form of pulsed-DC current 
to improve metal formability. Xie et al. in their research tried to distinguish thermal and 
athermal effect in the deformation behavior using tensile test by comparing the result 
from heating by electropulse and heating inside environmental chamber. The result 
showed that the electropulse did induced dynamic recrystallization which plays a role in 
reducing the flow stress. This research also supported by result from Bao et al. that also 
observed dynamic recrystallization while exposing pulsed current during tensile test. Li et 
al. strengthen the argument that pulsed current did have effect to material deformation 
behavior. They state that the effect is attributed from reinforcement of grain rotation, 
grain boundary sliding, formation of deformation twining, and dislocation sliding in 
bigger grain. 
This research aims to investigate influence of peak current density on tensile 
properties of AZ31B magnesium alloy thin foil. The specimen was exposed to high peak 
current densities to see effect of peak current on the tensile properties. Temperature 
maintained to be same throughout tests to minimize effect from temperature. Those 
conditions were achieved by changing its duty cycle to control the time average power. 
This approach can give better understanding to effect of peak current density for metals 
during uniaxial tensile test. 
All uniaxial tensile tests were performed on magnesium alloy JIS AZ31B with 50 μm 
in thickness. Three different temperature components were conducted in uniaxial tensile 
test, each 40 °C, 70 °C and 200 °C. For experiment in 40 °C, the peak current density 
components are 200 A/mm2, 400 A/mm2 and 600 A/mm2. In 70 °C, the peak current 
density for each test is 500 A/mm2, 750 A/mm2 and 1000 A/mm2. Lastly, for experiment 




A/mm2. In order keep the initial working temperature same while changing the peak 
current density, duty cycle for each peak current density in their respective temperature 
component was set to be different. 
In uniform deformation, experiment with temperature condition 40 °C and 70 °C 
showing no significant different in their tensile properties. Proof stress shows similar 
value for different peak current density with each respective temperature component. 
Non-uniform deformation property for 40 °C shows different result for different peak 
current density. It is later noticed that in 40 °C, proper control system was not applied 
therefore resulting in increase of temperature component during deformation. Contrast to 
that, 70 °C condition equipped with control system shows the tensile property in non-
uniform deformation shows no different with changing peak current density. It is 
concluded that in low temperature, tensile property in uniform and non-uniform 
deformation did not affected by peak current density, instead solely regulated from its 
temperature. 
Contrast with prior result, tensile properties in 200 °C shows different trend of in 
both uniform and non-uniform deformation. Stress-strain curve for each peak current 
density shows long uniform deformation and short non-uniform deformation slope. Stress 
component in both uniform and non-uniform deformation showing rising value 
proportionate to the peak current density despite having same temperature. For fracture 
strain, opposite trend was observed. This result suggesting there is different deformation 
behavior in micro-scale. 
From power analysis, it is noted that power per pulse is proportionate to the current 
density. Higher power input will be translated to easier dislocation movement, faster 
diffusion and higher transient temperature. But, root mean square (rms) power showing 




of view, deformation mechanism for pulse current assisted tensile test can be better 
explained using energy balance model rather than depend on the surface temperature 
measurement. 
As mentioned before, the duty cycle was changed in order to control the working 
temperature. Changing the duty cycle for 200 °C condition was done by variating the 
frequency component of pulse current. Difference in frequency component of pulse 
current perceived to make the energy distribution in micro-scale to be distinct for each 
pulse condition. To achieve higher peak current density, the frequency needs to be 
lowered. It is suggested that in higher frequency the energy to aid dislocation movement 
has more uniform distribution rather than lower frequency since the pulse has more time 
to spread around individual grain. This really rapid dynamic transient energy distribution 
discrepancy makes the tensile property change with the change of peak current density 
wand frequency. 
Further investigation need to be conducted. By keeping more attention to energy 
budget needed to move the dislocation and observing behavior in different strain rate 
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Chapter 1 Introduction 
1.1. Electricity assisted forming 
Forming metal in elevated temperature is well-known to reduce the stress needed to 
form the metal into desired shape. For many years, several methods to increase the 
material temperature were developed. Such method can range from but not limited to 
convection heating, induction heating, or resistance heating. The later method has gaining 
more recognition due to its low energy consumption, ease of manufacture equipment, and 
good quality product [1]. 
 
Figure 1 - 1 Schematic of electricity assisted rolling process [2] 
Figure 1 - 1 shows one of many applications of electricity assisted manufacturing 
(EAM). The EAM was applied by flowing electric current to workpiece during 
manufacturing process. The electricity will heat up material due to Joule Heating. Joule 
heating itself, sometimes also called as resistance heating, was standard response 
mechanism of ohmic material under electric current. Electric resistance intrinsic to each 
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material will introduce losses in total energy system of electric current. Energy losses 
introduced by this way will be conserved in form of heat energy. The heat energy then 
dissipated to lower energy state and seen as increase of temperature by observer from 
outside. 
Outside from already mentioned before about advantages of EAM, this 
manufacturing process also offer fast heating time [3]. This advantages making interest in 
EAM not just in research but several patent already been registered as can be seen in 
Table 1 - 1. 
Table 1 - 1 Brief review of EAM [1] 
 
By increasing number of research about EAM, it is reported that the flow stress 
reduction while utilizing EAM did not just originated from joule heating response of the 
material [4], [5]. It is reported that current flowing inside the workpiece will also 
contribute to deformation mechanism, altering its process. This non-thermal effect of 
EAM was coined as electroplasticity. 
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In 1969, Troitskii exposed workpiece under tension by using electron beam 
[6]. By using single crystal zinc, they concluded that flow of electron can alter 
how metal behave under load. They argue that the condition that the change in 
behavior was that the electron drift velocity exceeds the phase velocity of elastic 
dislocation. It is possible that the interaction of the electron with the elastic fields 
of the dislocations cause motion of some hindered dislocations, thus facilitating 
the work of the dislocation sources. 
 
Figure 1 - 2 Relative contributions of the thermally-activated deformation parameters to the 
electroplastic effect in Al and Ag [4][7]. 
Okazaki, Kagawa and Conrad in 1980 tried to reproduce this experiment by 
flowing electric current and not using electron gun like research by Troitskii. They 
tried to compare the properties of specimen under current flow and specimen 
without current flowing. The temperature was set to be same at room temperature 
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by forced-air cooling. The results shows that the flow stress for specimen with 
electric current has 50%-70% of its stress reduction originated from source other 
than thermal. From this experiment they concluded that there are non-thermal 
source of energy that affecting the deformation behavior of metal as also reported 
by Troitskii prior the them [5], [8]. 
 
Figure 1 - 3 Failed Cu interconnection due to electromigration [9] 
Continuing their research, Conrad coined the non-thermal contribution as 
electroplasticity. From several researches done by them, they argue that electron 
wind as the mechanism that responsible for non-thermal effect in material 
deformation while under electricity load as can be seen in Figure 1 - 2 [4], [7], 
[10]. The electron wind effect itself already proven to contribute in defect and 
failure of microelectric devices as can be seen in Figure 1 - 3. The copper 
interconnection was failed due to momentum of electron flowing through its 
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interior promote diffusion [9]. It is reported that in there are threshold value to 
activate this electroplasticity effect. Conrad report that this threshold value was 
around 10 A/mm2 until 104 A/mm2 [11]. 
 
Figure 1 - 4 Titanium compressive stress-strain curves [12] 
From these result, the utilization of electric current to improve formability of 
manufacturing process gains traction. Perkins reported that electricity flowing through a 
metal has a significant effect on the metal’s mechanical properties (see Figure 1 - 4). The 
addition of electrical energy reduces the flow stresses in a part, allowing for much easier 
shaping and forming. However, the effects of the electricity seem to diminish with 
increasing strain rate, in some cases. The electron flow also increases the workability of 
the metals, allowing them to be compressed to higher strains before fracturing. 
Furthermore, the electricity aids manufacturing processes by allowing the material to 
yield and flow at lower applied stresses, immensely reducing the total energy required for 
deformation [12]. 
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Figure 1 - 5 Rolling separation force in rolling process utilizing EAM [2] 
Zhu also report that by using electropulse they succeed to do rolling process 
on TiNi (Figure 1 - 5). They argue that electropulse can facilitate more atoms to 
be active for diffusion and enhance the recrystallization as the thermal and 
athermal effect of electropulse contributes to the dislocation movement and atom 
diffusion [2]. 
 
Figure 1 - 6 Electroplastic on formability of AZ31B sheet metal under direct current [13] 
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Xie et. al. in 2013 tried to investigate the effect of electroplasticity on AZ31B 
magnesium foil. They report that by comparing the result of isothermal tensile 
testing using conventional convection heating and electricpulses, the 
electricpulses condition having lower flow stress despite operate in same 
temperature Figure 1 - 6. They argue that promote that electroplasticity induce the 
dynamic recrystallization nucleation rate (Figure 1 - 7), thus lead to decrease of 
the flow stress and increase of formability; it is mainly caused by calorigenic 
effect of the electric current. They concluded that EAM process may provide an 
alternative of conventional hot forming for the materials with poor formability 
[13]. 
 
Figure 1 - 7 Metallographic photos of the tensile samples under electropulses [13] 
Despite the report that showing electroplasticity effect, the main mechanism 
of electroplasticity still open to debate. The electron wind theory mentioned 
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before fails to fully explain the mechanism of electroplasticity. Suo [14] report 
that the total energy exerted from electron wind have value far lower than what it 
is needed to enhance the dislocation movement. It is also explain why the electron 
wind only becomes issues in microelectronics application. Since the energy scale 
for electron wind has enough value to influence behavior in microelectronics 
junction in atom to atom scale. 
 
Figure 1 - 8 Modified-Hollomon and Johnson–Cook model predictions of compressive flow 
stress behavior of CP titanium at room temperature and electrically assisted [15]. 
Other mechanism was proposed to better explain the main mechanism of 
electroplasticity in metals. Salandro et. al., by analyzing several other researches 
proposed local heating in dislocation core as the main contributor of electroplastic 
effect [16]. They argue that the distribution of electric resistance in metal makes 
several places, mainly the dislocation core, capture more energy to assist the 
dislocation movement. 
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This proposed theory leads to discussion whether the electroplastic effect 
really exists or it is just different heat reaction from the metal. Magargee argue 
that the reduced flow stress can be explained by using only heat model [15]. By 
cooling down their specimen to room temperature, thus reproducing the work of 
Okazaki [5], they did not observed any flow stress reduction (Figure 1 - 8 and 
Figure 1 - 9). Contrast to Okazaki’s report in 1980. This and several others 
findings [15], [17], [18] makes the electroplastic effect once again become open 
for debate. 
 
Figure 1 - 9 Comparison of uniaxial tension behavior for air-cooled and non-cooled 
electrically assisted tension tests [15]. 
Jordan also report that electroplastic effect was not observed when 40 A/mm2 
are applied to the specimens (Figure 1 - 10 Measured force in bending test [18]. 
While a force reduction was observed during the initial stages of the process, this 
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was only when a temperature spike was measured. Thus, variations observed 
could be explained by temperature effects alone [18].  
 
Figure 1 - 10 Measured force in bending test [18] 
Most of researches mentioned before focus only on one of several aspects in 
EAM without considering the other. It is necessary to consider the investigation 
by considering both thermal and non-thermal effect of EAM. In case for research 
that try to distinguish the thermal and non-thermal effect of EAM, they failed to 
agree with each other result as demonstrated from Okazaki result [5] and 
Magergee result [15] despite both experiment using titanium as working material 
and operate at room temperature. From this point of view, new strategy for 
investigate on electroplastic effect need to be considered. 
1.1.2. Pulsed current assisted forming 
In order to achieve high current density without putting large amount of heat, 
several research in EAM try to utilize pulsed current as their main power source 
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instead of flowing direct current to specimen. Higher current without increasing 
the resistance heating effect can be achieved by regulating the duty cycle (Figure 
1 - 11). With lower duty cycle, really high peak current can be achieved with 
minimum resistance heating effect. The resistance heating effect was mainly 
affected by the DC component of pulsed current, also known as root mean square 
(rms).  
 
Figure 1 - 11 Pulsed current waveforms 
Similar to EAM, pulsed current assisted forming utilize flow of electricity 
current to try to improve the workpiece formability. Common setup for pulsed 
current assisted forming can be seen in Figure 1 - 1 and Figure 1 - 12. The 
different can be seen in the type of power generator being used. In usual EAM, 
DC or AC electric generator can be used as power sources. But in pulsed current, 
special pulsed generator. The output of pulsed generator is square wave pulse as 
can be seen in Figure 1 - 11. 
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Figure 1 - 12 Common experimental setups for pulsed current assisted forming [19] 
Salandro in 2008 reported research that try to decouple thermal and non-
thermal effect of pulsed current by comparing tensile test result of conventional 
heated specimen with specimen exposed by pulsed current. They observed that the 
specimen under long pulsed condition exhibit improvement in their formability. 
Overall conclusions from that research are drop of flow stress and increase in 
elongation before fracture [20]. 
Several other researches also report different deformation mechanism for 
workpiece under pulsed current. Li et al. investigated the microstructure of Mg-
3Al-1Zn alloy with 7 seconds of electropulse treatment after cold-rolling and 
compare it with furnace annealing with its lowest temperature at 200 ˚C. They 
concluded that the recrystallization was dramatically increased with electropulse 
treatment by enhancing nucleation rate of non-basal-oriented nuclei [21]. Liang 
and Lin observed that stressing material with electropulse in non-deformation test  
increase its dislocation density thus promote its formability [22]. Delobelle et al. 
Investigation of peak current density effect on magnesium alloy AZ3B foil  





also confirm that electropulse treatment did change the material properties 
depending on its pulse duration on NiTi shape memory alloys [23] . 
 
Figure 1 - 13 5052 aluminum alloy under long pulsed current [20] 
As already mentioned before, there are two electric current component in 
pulsed current, peak and rms. The rms value will directly affect thermal response, 
but the peak current effect on the formability still cannot properly concluded due 
to its dynamic thermal response. By analyzing previous reports on pulsed current 
assisted forming, it is concluded that novel investigation on how peak current 
density will affect the workpiece formability. 
1.2. Magnesium alloy 
Magnesium alloy, regarded as light-weight structural material, has been used for 
many years in human history. Figure 1 - 14 shows production of magnesium and other 
structural material. The spike seen near year 1940 was due to World War 2. The demand 
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for high strength light-weight material was rising. More efficient vehicle was needed to 
reduce fuel usage.  
 
Figure 1 - 14 Production of high strength structural material in 20th century [24]. 
The advantages of magnesium and magnesium alloys are [24] lowest density of all 
metallic constructional materials; high specific strength; good castability, suitable for 
high pressure die- casting; can be turned/milled at high speed; good weldability under 
controlled atmosphere; much improved corrosion resistance using high purity 
magnesium; readily available; compared with polymeric materials: better mechanical 
properties; resistant to ageing; better electrical and thermal conductivity; and recyclable. 
The disadvantages of magnesium are presented based on the following [24]: low 
elastic modulus; limited cold workability and toughness; limited high strength and creep 
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resistance at elevated temperatures; high degree of shrinkage on solidification;  high 
chemical reactivity; and in some applications limited corrosion resistance. 
 
Figure 1 - 15 Basal-<α>, prismatic-<α>, and pyramidal-<α> slip systems in hcp [25]. 
The crystal structure of magnesium is hexagonal which limits its inherent ductility. 
Ductility is determined by the number of operative slip systems. Mg being hexagonal 
slips at room temperature on the base plane (0001) <112̅0> and secondary slip on 
vertical face planes (101̅0) in the <112̅0> direction (Figure 1 - 15). This limits ductility 
at low temperatures. At elevated temperatures slip also occurs in the <112̅0> direction on 
the (101̅1) pyramidal planes [24], [26].  
1.2.1. Applications and issues of magnesium alloy 
As structural material, most well–known application of magnesium alloy was 
in automotive industry ranging from gear box, engine block, until sealing flange. 
The example for its application in automotive industry as structural material can 
be seen in Figure 1 - 16. 
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Figure 1 - 16 Various Mg automobile product (Volkswagen AG) [24] 
Recent development of magnesium alloy application move toward to 
biomedical field. Table 1 - 2 shows the biomedical application of magnesium in 
animal testing and human from 1878 until 1981. In biomedical field, magnesium 
is regarded as biodegradable material. Biodegradable means the magnesium will 
vanish in certain amount of time removing the needs of second surgery in case of 
implant being used as support. The toxicity of magnesium itself is already known 
to be low since human body itself can handle certain amount of magnesium input 
in certain amount of time.  
Titanium alloy is one of most common material used in biomedical 
application, especially implant. Titanium alloy is notorious for having high 
corrosion resistance and light enough to not burden bone but with exceptional 
mechanical properties. But, if compared to natural bone, magnesium alloy has 
more similarity to natural bone than titanium alloy. This similarity of magnesium 
alloy and natural bone makes magnesium is superior in term of biomaterial. The 
issue for magnesium alloy is its corrosion rate. Magnesium is not resistance to 
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corrosion. This feature makes it called as biodegradable material, but to control 
the rate of corrosion is not miniscule task. 
Table 1 - 2 Historical overviews of reports on magnesium and its biomedical application in 
historical order [27]. 
 
Another recent example of application of magnesium alloy in biomedical field is 
magnesium alloy stent as can be seen in Figure 1 - 17. The magnesium alloy stent was 
tested inside porcine. The magnesium alloy stent being compared with stainless steel stent. 
After 28 days, the stainless steel stent shown to have no deterioration in its feature. 
Contrast to that, the magnesium alloy stent shows degradation in its structural integrity 
due to corrosion induced by body fluid of porcine. This result demonstrates the 
biodegradable application of magnesium alloy. 
Table 1 - 3 Summary of the physical and mechanical properties of various implant materials 
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in comparison to natural bone [28]. 
 
Despite having various application, magnesium alloy still carry its disadvantage due 
to its hexagonal crystal. In order to realize broader application of magnesium alloy, novel 
method of manufacturing process with high production yield, high accuracy, and low 
energy consumption need to be considered. 
 
Figure 1 - 17 (A) magnesium alloy stent; (B) dehydrated and defatified porcine coronary 3 
days after implantation; (C and D) X-ray photographs of magnesium alloy stent and 
stainless steel stent 28 days [29]. 
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1.3. Motivation and objectives 
Magnesium alloy is regarded as promising material especially for structural and 
medical application. But, due to its crystal package, it is known that magnesium alloy has 
low formability in low temperature. Moreover, since magnesium is reactive metal, several 
of its alloys, especially AZ31B, can combust into magnesium oxide at around 600 °C. 
This combustion only happen when temperature and atmosphere condition was fulfilled. 
The combustion also releasing high energy thus makes the combustion process emitting 
really bright white light. This condition makes AZ31B, despite having promising 
application, regarded as hard-to-form material. Novel manufacturing process for AZ31B 
needs to be investigated. 
By those backgrounds, pulsed current assisted forming was suggested to improve the 
formability of AZ31B. It is reported that by flowing electric pulse current to workpiece, 
the flow stress and fracture strain can improve toward better formability condition.  
Many researchers try to reproduce and develop approach to utilize this effect. One of 
the recent developments was using electricity in form of pulsed-DC current to improve 
metal formability [1]. Xie et al. in their research tried to distinguish thermal and athermal 
effect in the deformation behavior using tensile test by comparing the result from heating 
by electropulse and heating inside environmental chamber [30]. The result showed that 
the electropulse did induced dynamic recrystallization which plays a role in reducing the 
flow stress. This research also supported by result from Bao et al. that also observed 
dynamic recrystallization while exposing pulsed current during tensile test [31]. Li et al. 
strengthen the argument that pulsed current did have effect to material deformation 
behavior. They state that the effect is attributed from reinforcement of grain rotation, 
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grain boundary sliding, formation of deformation twining, and dislocation sliding in 
bigger grain [32]. 
Li et al. investigated the microstructure of Mg-3Al-1Zn alloy with 7 seconds of 
electropulse treatment after cold-rolling and compare it with furnace annealing with its 
lowest temperature at 200 ˚C. They concluded that the recrystallization was dramatically 
increased with electropulse treatment by enhancing nucleation rate of non-basal-oriented 
nuclei [21]. Liang and Lin observed that stressing material with electropulse in non-
deformation test increase its dislocation density thus affecting its formability [22]. 
Delobelle et al. also confirm that electropulse treatment did change the material properties 
depending on its pulse duration on NiTi shape memory alloys [23]. 
Magargee observed that the electroplastic effect did not present while the material was 
forced cooled into room temperature while deformation. This observation making the 
change in flow stress and elongation appears to be only attributed to the temperature [15]. 
Jordan and Kinsey in 2015 also did not observe electroplastic effect with current density 
at 40 A/mm2. The reduction in force during initial stages was observed as function of 
temperature thus making the effect from electricity absent at this setup [18]. Kinsey, 
Cullen, and Jordan did not observed any current effect from the induced eddy current in 
tension Kolsky bar experiment using high deformation rate [33]. This mean the effect 
peak current density in pulsed current still opens for discussion and need more 
investigation with different approach to properly conclude the effect observed and its 
mechanisms. 
This research aims to investigate the effect of peak current density on tensile properties 
of metal, in this case starting with magnesium alloy AZ31B thin foils. To investigate the 
effect of peak current density, thermal effect from EAM need to be suppressed. To 
minimize the thermal effect, temperature for each peak current density kept in the same 
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value. This condition can be achieved by regulating the duty cycle to achieve same root 
mean square (rms) current density. As already mentioned before, the rms value of current 
density has direct relationship with the material temperature. Same rms value with 
different peak value can be achieved by regulating the duty cycle. 
To further get better understanding of the effect of peak current density on AZ31B and 
its mechanism, different surface temperature condition resulting from joule heating was 
utilized.  
1.4. Outline of thesis 
This thesis consists of five chapters. The outline for each chapter will be discussed in 
following paragraph. 
Chapter 1 introduces the background and standing point of this thesis by discussing 
prior research and observation. Discussion starts with introduction of forming process 
assisted by electricity. To give clear understanding about the objective of this thesis, the 
electroplasticity or non-thermal effect in electricity assisted forming also discussed. By 
mentioning its development and issues found alongside its research attempt, discussion 
goes to motivation, objectives and strategy to tackle the issues. 
Chapter 2 serves as bridge chapter to test several strategy and condition in order to 
have better experimental condition. Preliminary test was conducted to judge the 
experimental setup and strategy. Uniaxial tensile test at 40 °C with various peak current 
density conditions was carried as the preliminary test. Tensile property of AZ31B at 
40 °C with different peak current density was discussed from uniform and non-uniform 
deformation point of view. From the preliminary test result, new strategy was concluded 
for next experiment. 
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Chapter 3 will discuss about experimental result including experiment at 70 °C and 
200 °C conditions with some comparisons. 
Chapter 4 will discuss about the difference found at chapter 3 and analyze to provide 
explanation about the mechanism. The discussions and analysis will consist of tensile 
properties comparison, power analysis, dynamic heat response analysis, energy 
distribution analysis, microstructure analysis and optimum value for pulsed current 
assisted forming. 
Chapter 5 summarizes the whole thesis. Issues were mentioned.  Future work was 
suggested for next research. 
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Chapter 2 Experimental setup 
and preliminary test 
2.1. Introduction 
Design of experiment (DoE) is big part in research process. To make a clear 
conclusion, lot of uncertainty need to be omitted from the experimental system before 
conducting experiment. In this chapter, experimental setup and preliminary experiment to 
review the experimental setup will be discussed.  
2.2. Sample preparation 
2.2.1. Material of specimen 
Magnesium alloy AZ31B foils with 50 μm in thickness are used for this 
research. The material was procured from Nippon Kinzoku., Ltd Itabashi Plant. 
The chemical composition of the material can be seen in Table 2 - 1. Taken from 
rolled strip, the original lot is 0.05 x 60 mm with 1 kg in mass. The thickness is 
not precisely 50.μm in all length. Maximum thickness of 55 μm and the minimum 
was 45 μm was measured in the plant before shipping.  
 
Table 2 - 1 Chemical composition of AZ31B 
Al Zn Mn Si Fe Cu Ni Ca 
Mg 
2.9 0.98 0.35 0.01 0.002 <0.01 <0.001 0.01 
remainder 
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2.2.2. Specimen shape and size 
The raw sample was manufactured using machining process 0° from its 
rolling direction. The specimen was shaped to dog-bone-like-shape tensile test 
specimen. DIN 50125 Type H test pieces was chosen to be the basic standard for 
the specimen shape and size. The dimension was scaled-down from standard to 
reduce the cross-section of the specimen. The size of cross-section is one of 
parameter for determining the current density applied during experiment. By 
utilizing thin foil material and fabricated it into having small cross-section will 
give large window for variation in current density. Technical drawing of the 
specimen can be seen in Figure 2 - 1. 
 
Figure 2 - 1 Shape and dimension of tensile specimen 
2.2.3. Heat treatment 
After fabricated into uniaxial tensile test specimen shape, the specimen still 
retain large amount of residual stress that built up from rolling process and 
machining process. To reduce this residual stress without changing the initial 
micro structure, stress relieve as heat treatment method need to be applied. The 
heat treatment was conducted in vacuum oven environment with temperature of 
573 K for 1 hour. 
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Figure 2 - 2 Initial microstructure 
After stress relieve, electron backscatter diffraction image was taken to evaluate its 
microstructure. Grain size and its structure can be seen in Figure 2 - 2. The image was 
taken in ND-RD plan. The average grain size for initial condition is 8 μm. 
2.2.4. Thermal emissivity 
 
Figure 2 - 3 Emissivity test setup 
Flow of pulsed current going through the specimen makes conventional 
contact temperature measurement not possible. In case of thermocouple, it will 
detect temperature as difference in voltage from its conductor. Introduction of 
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electric current will certainly disrupt this measurement. To mitigate that situation, 
non-contact temperature measurement needs to be applied. By detecting the 
infrared emission from the specimen, the temperature can be measured. Since 
thermal camera by itself calculate the temperature by relating the measured energy 
to the temperature of a blackbody radiating an equivalent amount of energy 
according to Planck’s Blackbody law, it is important to calibrate emissivity to 
acquire near true temperature. 
Simple emissivity test was conducted to determine the thermal emissivity of 
specimen. As can be seen in Figure 2 - 3, the AZ31B foil was partially covered in 
black carbon tape. Since the emissivity of black carbon tape approximately known 
to be 0.95. By switching the camera measurement point from carbon tape area to 
the bare surface area and simultaneously change the emissivity value, the 
emissivity of AZ31B surface can be acquired. From this particular experiment, the 
emissivity for AZ31B surface is 0.49. This value will be used for all experiment in 
this research. 
 
Figure 2 - 4 Experimental setup 
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2.3. Experimental setup for preliminary test 
Uniaxial tensile tests were performed on magnesium alloy JIS AZ31B with 50 μm in 
thickness. Zwick Roell Z005 equipped with Zwick Roel laserXtens as extensometer was 
used as tensile test machine. The use of non-contact laser extensometer can prevent 
influence of electromagnetic pulse to measurement data under high peak current density. 
Zwick Roell load cell with 1 kN capacity was used to record the force data from tension 
experiment. Strain rate of 1 × 10-3 s-1 was used to ensure low deformation rate. The 
tensile test started 90 seconds after first pulse exposure to give time for temperature to 
reach steady state. 
 
Figure 2 - 5 Actual view of tensile test setup 
Pulsed power supply from Tokyo Electronics Co., Ltd. was used as main source for 
pulsed DC current. Maximum output for this power supply is 500 A and 1000 V in peak 
with duty cycle ranged from 0.1% until 80%. To supply the current from the power 
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supply to tensile specimens, clamping jig specially designed as electrode was used. 
Insulation was introduced inside the clamp to prevent electric current from leaking to 
measurement equipment. The schematic view and real view of experimental setup can be 
seen in Figure 2 - 4 and Figure 2 - 5 respectively. 
Electrical current measurement was done using HIOKI CT9691 clamp meter with 
maximum range 100 A and 600 V on cable between power supply and clamp together 
with Tektronix TBS1064 oscilloscope. Measurement for peak current was done just 
before starting the tensile tests. For temperature measurement, Avio InfRec R300 was 
used. The infrared camera has measuring range from -40 ˚C to 500 ˚C, sensitivity 0.03 ˚C 
at 30 ˚C, and accuracy 1 ˚C. Same reason with laser extensometer, this type of 
measurement was applied as non-contact infrared camera not influenced by the 
electromagnetic pulse field emitted during experiment. Actual peak current density during 
the tests was calculated by using initial cross-section area. 
Table 2 - 2 Preliminary experimental condition 
 
For preliminary test, the material used was different from either test mentioned after 
this chapter. Instead of using rolling orientation of 0°, the preliminary test use specimen 
with 90° from rolling direction. Other than that, the specimen in preliminary test did not 
undergo heat treatment before test. This makes the stress build up from rolling and 
manufacturing still present inside the interior. This situation did not influence the 
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conclusion since the main goal of preliminary test only to evaluate the experiment setup 
and its system. All other experiment besides preliminary experiment using specimen 
preparation like mentioned in section 2.2. 
2.4. Preliminary test 
Before starting proper experiment, preliminary test was conducted to inspect the 
reliability of experimental setup. In this particular experiment, the temperature was kept 
to be 40 °C for all condition to give better control in determining effect of peak current 
density.  
 
Figure 2 - 6 Pulse waveform 
2.4.1. Pulse parameter 
The pulse condition used in this experiment can be seen in Table 2 - 2. In 
order to keep the temperature in same value, pulse width for each peak current 
density conditions are different. With changing the pulse width, duty cycle of the 
pulse will be different. This will makes the time average input power for each 
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condition in same value despite having different peak current density. This 
characteristic also makes the temperature maintained to be low at 40 °C despite 
having high peak current density. Figure 2 - 6 shows its pulse waveform for 
different peak current density value. 
2.4.2. Temperature trend and distribution 
 
Figure 2 - 7 Temperature profile before test 
Temperature profile from preliminary test shows higher temperature value in 
middle of specimen as can be seen in Figure 2 - 7. This situation happens due to 
higher heat dissipation near the jig location. With higher mass, the jig need more 
energy to heat up thus making it has lower temperature than the specimen. 
Because of this, the heat flows from middle of the specimen (located far from jig) 
to its edge (near jig). 
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Figure 2 - 8 Temperature trend for (A) 200 A/mm2, (B) 400 A/mm2 and (C) 600 A/mm2 
By looking at the temperature-time plot for each experiment, it is clear that 
each specimen have increasing temperature with time. While undergo deformation 
in uniaxial tensile test, the specimen will experienced decreasing trend in its cross-
sectional area near the fracture spot called as necking. This situation will make the 
current density at those areas to be higher due to smaller cross-sectional area. 
The increase of current density in the local area will directly translate to 
increasing temperature. It is suggested that the temperature different in initial 
Investigation of peak current density effect on magnesium alloy AZ3B foil  





condition and final condition will make significant influence in tensile behavior. 
This discrepancy will make analysis for the tensile behavior in non-uniform 
deformation more complicated. In order to minimize the temperature difference in 
initial and final condition, control system to keep the temperature same throughout 
experiment need to be considered. 
2.4.3. Stress-strain curve 
 
Figure 2 - 9 Coupling of temperature trend and stress-strain curve 
From Figure 2 - 9 , it can be seen that the stress-strain curve has rough line 
rather than usual smooth line. By coupling the stress-strain curve with temperature 
trend plot, it is apparent that the rough line in stress-strain plot was function of 
temperature variation in temperature trend plot. Temperature variation during test 
was attributed from the specimen dimension. Due to its shape and size, the ratio 
between surface area and its volume become really high, nearly 38 : 1 respectively. 
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This situation makes the specimen cannot retain uniform temperature due to its 
high convection rate. But the small size of specimen is necessary to make the peak 
current density can yield higher value. Thus, this condition regarded as minor 
compared to benefit acquired by utilizing thin foil. 
 
Figure 2 - 10 Representative stress-strain curves 
From Figure 2 - 10 we can see there is difference in tensile properties for each 
peak current density condition. Detailed analysis in tensile properties for both 
uniform deformation and non-uniform deformation will be discussed in next part. 
In elastic region, it is noted that all condition shows same behavior. 
2.4.4. Uniform deformation 
From Figure 2 - 11 it can be seen that true stress at 0.02 true strain shows no 
slightly different value without significant distance with different peak current 
density. This result shows that in uniform deformation mode, the peak current 
density did not exhibit much effect compared to temperature. Thus it can be 
concluded that in uniform deformation mode, the temperature still takes 
significant influence in determining specimen tensile property. 
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Figure 2 - 11 Proof stress at strain 0.02 
2.4.5. Non-uniform deformation 
 
Figure 2 - 12 Fracture strain 
Contrast to tensile properties at uniform deformation, the tensile property in 
non-uniform deformation mode for uniaxial tensile test in 40 °C shows different 
value for each peak current density condition as can be seen in Figure 2 - 12. This 
result suggesting that with same surface temperature, there is different 
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deformation mechanism with different peak current density. The fracture strain 
value has decreasing trend with increasing peak current density. 
2.4.6. Fracture surface 
 
Figure 2 - 13 Fracture surface for peak current density (a) 200 A/mm2, (b) 400 A/mm2, and 
(c) 600 A/mm2. 
Figure 2 - 13 shows fracture surface for each representative peak current 
density condition. Number of dimple was decreased with increasing peak current 
density. This result shows good agreement with the fracture strain data. In 400 
A/mm2 condition, the dimple size increase in term of size compared to 200 A/mm2 
despite having lower fracture strain. It is suggested dimple coalescence already 
happened in 400 A/mm2 specimen. But, in 600 A/mm2, the number and size of 
dimple both exhibit decreasing value. This shows specimen under 600 A/mm2 
condition has lower ductility rather than the others. These discrepancies in the 
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fracture surface morphology and fracture strain result suggesting the temperature 
increase during test as the main contributor. With receding cross-section area 
during tension,  
2.4.7. Discussions 
Decreasing trend of fracture strain with increasing peak current density in 
non-uniform deformation also observed in previous research by Bao et. al. [31]. 
They found that with same root mean square value but different peak current 
density the fracture strain for higher peak current density will have lower value 
than the other. They conclude that root mean square value as the main contributor 
in altering the tensile property. The root mean square value of current itself will 
directly relate to the specimen temperature. With that said, the main contributor 
for tensile property is the specimen temperature. 
But, they also argue that the degree of peak current density will provide effect 
to the tensile properties. The peak current density in pulsed current will affect the 
diffusing rate making the diffusion rate to be faster. These situation means higher 
peak current density supposedly improve the ductility of specimen in plastic 
region. But this experiment and their experiment both find that the higher peak 
current density in fact decreases the fracture strain. 
By that result, it is suggested another mechanism was involved in the non-
deformation mode. But, proper conclusion cannot be acquired due to temperature 
difference between initial condition and final condition. This temperature 
difference making the uncertainty in experiment increase thus making it is hard to 
draw proper mechanism of this experiment. In order to have better experiment 
condition, another test need to be conducted with controlled temperature 
throughout experiment. 
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2.5. Improved experimental setup 
From previous experiment it is clear that the experimental setup need to be improved 
in order to have better control and understanding in the effect of peak current density on 
magnesium alloy AZ31B thin foil. The material being used and experimental schematic 
possessing no major hindrance in the preliminary test, thus making it is not necessary to 
change the existing condition. 
 
Figure 2 - 14 Schematic view of closed-loop temperature control system 
By evaluating the preliminary test and prior research on this area, it is concluded that 
higher peak current density need to be applied to get more extreme situation. This 
extreme situation in hope can make the effect of peak current density easier to be 
observed. To satisfy this condition, the pulse power supply used before was changed to 
higher specification. For next experiment, the pulse power supply being used was 
HiPIMS power supply PVP-2KV1KA from PEKURIS with maximum 2000 Volt and 
Investigation of peak current density effect on magnesium alloy AZ3B foil  





1000 Ampere as its pulse current output. In case of the pulse condition, the frequency can 
be changed from 1 Hz until 1k Hz and the pulse width ranging from 5 μs to 200. 
 
Figure 2 - 15 Temperature control trial 
The new power supply also has ability to be controlled remotely. This feature can be 
used to controlling the temperature by decrease or increase the power output according to 
the detected temperature. By coupling this feature with PID controller, closed-loop 
temperature control system can be built. The schematic diagram for the control system 
can be seen in Figure 2 - 14. 
Figure 2 - 15 shows how the peak current decreasing when specimen undergo tensile 
deformation to offset its input power. The figure also shows despite decreasing peak 
current occurred, the maximum temperature measured on specimen surface was observed 
to be stay near the desired value. But, with decreasing peak current suggesting the peak 
current density will have changing value throughout tension test. In order to acquire real 
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peak current density during tension, cross-section evaluation needs to be estimated due to 
elongation. The evolution of peak current density during tension can be seen in Figure 2 - 
16. From that figure, it is concluded that the peak current density did not changing its 
value significantly during tension despite the peak current decreasing. This situation 
happens due to the cross-section of specimen also changing. Both changes compromise 
each other thus making the peak current density to stay in certain value close to the initial 
value. 
 
Figure 2 - 16 Peak current density condition 
2.6. Uniaxial tensile test at room temperature as baseline 
Uniaxial tensile test at room temperature was conducted to give picture of the AZ31B 
initial properties for future analysis. Uniaxial test were performed using Zwick Roell 
Z005 universal test machine equipped with Zwick Roell laserXtens as extensometer. Fix 
strain rate in 1 x 10-3 s-1 were applied for all specimen. Tensile specimens were 
manufacture from magnesium alloy JIS AZ31B from same lot as previous experiment. 
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The specimens were shaped into DIN 50125:2009-07 Type H (Figure 2 - 1). There is no 
electricity flowing in the material since the main parameter being the test conducted at 
room temperature. 
 
Figure 2 - 17 Stress-strain curve at room temperature 
Figure 2 - 17 shows stress-strain curve for AZ31B foil at room temperature. Fracture 
strain was observed to be larger than preliminary test result at 40 °C. This situation 
happens due to different material preparation was applied in both experiment. As already 
mentioned before, preliminary test at 40 °C uses as-received material without stress 
relieve. For room temperature experiment, the specimens already undergo annealing at 
200 °C for 1 hour. This heat treatment proven to release the stress builds up inside the 
specimen interior, leading to increase in fracture strain. Summary for detailed tensile 
properties of AZ31B at room temperature can be seen at Table 2 - 3. 
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Table 2 - 3 Tensile properties for AZ31B thin foils at room temperature 
 
 
Figure 2 - 18 Fracture surface of AZ31B at room temperature 
Figure 2 - 18 shows fracture surface for AZ31B after fracture due to tension at room 
temperature. The image was taken at middle of fracture surface at ND-TD plane. Ellipsis 
dimples was observed throughout the surface. This ellipsis dimple was characteristic of 
fracture due to tension load. 
2.7. Conclusion 
From several experiments conducted above, several conclusions can be acquired. 
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1) Uniaxial tensile test on AZ31B as preliminary experiment in 40 °C and room 
temperature was successfully conducted. 
2) From emissivity test, it is determined that emissivity for the AZ31B foil is 
0.49. 
3) The temperature trend plot showing increasing value while the specimen 
undergoes deformation. 
4) Rough line in stress-strain curve was attributed from the temperature 
variation due to the specimen small size. 
5) There is no observed effect of peak current density in uniform deformation 
for AZ31B foil in 40 °C condition. 
6) Fracture strain was decreased with increasing peak current density in non-
uniform deformation mode. 
7) The decreasing trend in fracture strain suggested it is originates from 
increasing value in temperature plot. 
8) Temperature control system was successfully developed to maintain the test 
temperature. 
9) Room temperature uniaxial tensile test for AZ31B thin foil was conducted. 
10) The proof stress, ultimate tensile strength and fracture strain for AZ31B at 
room temperature are 135 MPa, 229 MPa and 0.19 respectively. 
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Chapter 3 Uniaxial tensile test at 
70 °C and 200 °C 
3.1. Introduction 
In order to investigate the effect of peak current density, uniaxial tensile test at 70 °C 
and 200 °C. Peak current density in each experiment was varied to observe the effect of 
peak current density on tensile properties. 
3.2. Uniaxial test at 70 °C 
After acquiring baseline data for experiment in room temperature, next step is to 
analyze the deformation behavior at relatively low temperature while exposing the 
specimen with pulsed current. At this experiment, tensile properties of AZ31B foil under 
high density pulsed at 70 °C current was analyzed. 
Table 3 - 1 Experimental conditions 
 
3.2.1. Experimental conditions 
The experiment was conducted by exposing specimen in tensile deformation 
with high power pulsed current. Initial temperature kept to be in same value to 
control the resistance heating effect. Change in peak current density was applied 
by varying the pulse width but kept the frequency same[34]. Detail on 
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experimental conditions and each initial waveform conditions can be seen in 
Table 3 - 1 and Figure 3 - 1 respectively 
Uniaxial test were performed using Zwick Roell Z005 universal test machine 
equipped with Zwick Roell laserXtens as extensometer. Fix strain rate in 1 x 10-3 
s-1 were applied for all specimen. Tensile specimens were manufacture from 
magnesium alloy JIS AZ31B from same lot as previous experiment. The 
specimens were shaped into DIN 50125:2009-07 Type H (Figure 2 - 1). 
HiPIMS power supply from PEKURIS mentioned in previous section was 
used as main source of high power pulsed current. To prevent leaking of high 
current into equipment, insulation was built inside clamp. The current was 
measured using clamp meter and oscilloscope. Temperature measurement was 
conducted using non-contact PI Series infrared camera from Optris. Same 
experimental setup schematic from previous experiment (Figure 2 - 4) was used in 
this experiment. 
 
Figure 3 - 1 Initial waveform condition 
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3.2.2. Results and discussions 
Temperature trend for the experiment can be seen in Figure 3 - 2. The surface 
temperature from start of tension test until break shows close value to the target 
temperature. With this result it is safe to conclude that the surface maximum 
temperature will not contribute to difference in tensile property of each peak 
current density condition. 
 
Figure 3 - 2 Temperature trend for each condition at 70 °C 
Rough line in stress-strain curve also observed for tensile test in 70 °C as can 
be seen in Figure 3 - 3. As already discussed in previous chapter, the rough plot 
was attributed to specimen temperature fluctuation. By observing the stress-strain 
curve, the tensile property of AZ31B foil for different peak current density shows 
no significant difference.  
Same as preliminary result, the tensile property at uniform deformation did 
not showing any significant difference between peak current density as can be 
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seen in Figure 3 - 4. Contrast to preliminary result, the tensile property for tension 
test in 70 °C did not show any significant difference in its value as can be seen in 
Figure 3 - 5. Salandro et.al mentioned several theories for electricity effect during 
metal forming. Localized heating and electron wind force was mentioned as 
several possibility of electroplastic effect. For localized heating, the argument was 
the defect site in material has higher local temperature than the apparent global 
temperature since it has larger electric resistivity than other place thus translate in 
higher joule heating effect [16].  
 
Figure 3 - 3 Stress-strain curve at 70 °C 
This situation makes the dislocation core move easier in response to lower it 
their strain energy and promoting faster diffusion in impurities [16]. In case of 
electron wind, the electron being moved by different energy potential resulting 
electric current also has a momentum that aid dislocations to move easier during 
forming thus increase the formability of metals [16], [7]. But the effect from both 
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theories which is lowering flow stress did not present in this research with its 
particular conditions. 
 
Figure 3 - 4 Proof stress at 0.02 strain offset 
Bao et al. did found, using AZ31B as specimen material, that in exposure of 
pulsed DC current, the material response were mainly dictated by its current 
density in root mean square value which directly translate to thermal effect [31]. 
They also observed that with different peak current density and roughly same 
temperature region has different elongation to fracture and tensile stress. Despite 
that observation, the change in tensile strength and fracture strain is arguably in 
small percentage. This small effect happens possibly due to the small difference in 
the peak current density, from 300 A/mm2 and 344.4 A/mm2. They argue that 
introduction of electric energy activate another slip system in magnesium alloy. 
This activation of non-basal slip system occurred in around 50 °C lower than 
supposedly. Pulsed-DC current also promote the dynamic recrystallization of 
metals during deformation [31]. Using peak current density ranging from 200 
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A/mm2 to 600 A/mm2, this research did not observe difference in strain at 
uniform elongation and proof stress at 0.02 strain. 
 
Figure 3 - 5 Fracture strain 
Magargee [15] and Jordan [18] in their each respective research reported the 
absent of electroplastic effect. With the specimen cooled down until room 
temperature while exposing it with electricity, Magargee did not found any 
present of electroplastic effect. Jordan applied 40 A/mm2 current density in 
bending test which resulting in conclusion that the flow stress reduction was only 
caused by thermal effect from joule heating. Similarity from both experiment were 
applying DC current which is different from this research whose utilizing pulsed 
DC current. 
Another comprehensive research by Kim [35] also showing influence of 
pulsed DC current which reducing flow stress and significantly increase 
elongation in Al-Mg-Si alloy. Both of observation by Bao and Kim using lower 
peak current density from this research but higher apparent surface temperature 
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[31],[35]. From this observation, it is possible that the effect from pulsed DC 
current was not applied in low temperature condition, rather has threshold value in 
temperature before taking significant apparent effect. Another possibility is that 
the local heating in dislocation core has roughly same temperature with its 
surrounding due to large surface area but small volume. Regarding this possibility, 
another investigation taking account of those possibilities need to be considered. 
 
Figure 3 - 6 Fracture surfaces for 70 °C surface temperature condition 
3.3. Uniaxial tensile test at 200 °C 
At 70 °C, the tensile properties were observed to shows no change with different 
peak current density. This result disagree with prior researches that report the peak 
current density [21], [31], [36]. Referring to report by Bao in 2015, it is suggested that the 
peak current density effect will have significant value after passing certain threshold 
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value [36]. This threshold value reported to be related to the root mean square (RMS) of 
current density.  
Table 3 - 2 Pulse and experimental conditions for 200 °C 
 
It is already described that the RMS value of current density has direct relation to the 
amount of heat generated due to resistance heating. This mean by increasing the RMS 
value, it is inevitable that the temperature component will also rise. To investigate the 
assumption that there is threshold value for activation of peak current density effect, 
uniaxial test at 200 °C was conducted in this chapter. 
 
Figure 3 - 7 Initial waveforms for 200 °C conditions 
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3.3.1. Experimental conditions 
The experiment was conducted by exposing specimen in tensile deformation 
with high power pulsed current. Initial temperature kept to be in same value to 
control the resistance heating effect. Change in peak current density was applied 
by varying the frequency. Detail on experimental conditions and each initial 
waveform conditions can be seen in Table 3 - 2 and Figure 3 - 7 respectively 
Uniaxial test were performed using Zwick Roell Z005 universal test machine 
equipped with Zwick Roell laserXtens as extensometer. Fix strain rate in 1 x 10-3 
s-1 were applied for all specimen. Tensile specimens were manufacture from 
magnesium alloy JIS AZ31B from same lot as previous experiment. The 
specimens were shaped into DIN 50125:2009-07 Type H (Figure 2 - 1). 
 
Figure 3 - 8 Temperature trend 
HiPIMS power supply from PEKURIS mentioned in previous section was 
used as main source of high power pulsed current. To prevent leaking of high 
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current into equipment, insulation was built inside clamp. The current was 
measured using clamp meter and oscilloscope. Temperature measurement was 
conducted using non-contact PI Series infrared camera from Optris. Same 
experimental setup schematic from previous experiment (Figure 2 - 4) was used in 
this experiment. 
3.3.2. Results and discussions 
As shown in Figure 3 - 8, the temperature trend for each peak current density 
condition still fall around 200 °C. The temperature measured was maximum 
temperature observed on the surface of the specimen. During test, despite 
changing in cross-sectional area, the maximum temperature measured was not 
changing.  
 
Figure 3 - 9 Stress-strain curves at 200 °C 
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Stress-strain curve for 200 °C condition can be seen in Figure 3 - 9. Same as 
all previous tests, rough line was observed on the curve. The rough line was still 
due to fluctuation of temperature on the surface of specimen. Comparing the 
stress-strain curve, different shape and trend for each peak current observed to be 
different. Higher peak current density shows higher flow stress compared to lower 
peak current density specimen.  
 
Figure 3 - 10 Stress at strain value 0.15 
By analyzing Figure 3 - 10, it is apparent that stress at strain value of 0.15 
showing proportionate trend with the peak current density. This result suggesting 
the deformation mode has reducing formability by increasing the peak current 
density. This result disagree with several prior research that shows the flow stress 
reduced by increasing the peak current density [19][31][36]. But, there are also 
research that reported there are no change in flow stress or even increased flow 
stress [17][37][38]. All of previous research mentioned above did not utilizing 
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temperature control system to maintain the temperature change during change in 
material cross-section. This condition makes the result prone to error because of 
the temperature changes during test. This mean it is possible that the result from 
several report to be different by factoring the temperature variance throughout 
experiment. 
 
Figure 3 - 11 Fracture strain 
Figure 3 - 11 shows fracture strain for uniaxial tensile test at 200 °C with 
different peak current density. The fracture strain shows decreasing trend with 
increase of peak current density. Data in Figure 3 - 11 provide counter-intuitive 
result compared to basic assumption.  
Figure 3 - 12 shows surface (ND-TD plane) of fracture area. The SEM 
photograph was taken near middle spot of each respective specimen. Elongated 
dimple was observed across of specimen. This elongated dimple is characteristic 
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specimen undergo ductile while under tension stress. Even though the surface 
temperature for each condition is same, several differences were observed.  
Thickness of fracture surface was observed to be proportionate to the peak 
current density. Even though elongated dimple was observed for all condition, but 
its number was found to be decreasing with increased peak current density. Both 
observations suggesting there are different mechanism in deformation of AZ31B 
despite having same surface temperature. 
 
Figure 3 - 12 Fracture surface morphology 
The reducing number of dimple in higher peak current density shows that higher 
peak current density specimen has lower formability compared to lower peak current 
density. This result shows disagreement with initial assumption that higher peak current 
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density will provide higher energy thus making the dislocation move easier. To analyze 
this phenomenon, further discussion will be provided in next chapter. 
3.4. Comparison between uniaxial tensile test at room temperature, 
70 °C and 200 °C 
 
Figure 3 - 13 Summary of stress-strain curve from previous experiment 
Figure 3 - 13 shows comparison between each experimental condition from previous 
experiment. As can be seen from the figure, the curve evolution from room temperature to 
200 °C shows regular pattern of tension test at elevated temperature with different 
condition. By regular pattern it means the flow stress dropping and increase of fracture 
strain. 
The difference can be seen in the slope for each temperature condition. The slope for 
70 °C conditions shows nearly elastic/perfectly plastic type of deformation with the strain 
hardening hindered. The 200 °C conditions shows linear hardening pattern in their slope. 
There are no distinguishable feature between the elastic region and plastic region. It also 
shows that specimen with 200 °C conditions has longer uniform deformation mode rather 
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than the other temperature condition. Further discussion about this phenomenon will be 
discussed in next chapter. 
3.5. Conclusion 
This chapter presents the result from two uniaxial tensile tests with different 
temperature condition. The experiment itself was successfully conducted for both 
experiments with the conclusions: 
1) Temperature was successfully maintained for experiment at 70 °C and 200 °C 
from start of tension test until fracture. 
2) For experiment at 70 °C, 
a. In uniform deformation, the tensile property of each peak current 
density shows no significant difference. 
b. For non-uniform deformation, there is also no significant difference 
observed in the tensile property. 
c. Effect of peak current density was not observed for uniaxial tensile 
test on AZ31B foils. 
d. It is suggested that in order to observe peak current density effect, 
higher temperature need to be applied to the specimen. 
3) For experiment at 200 °C, 
a. The uniform deformation mode observed for having longer region 
than previous experiment. 
b. In uniform deformation, the tensile property for higher peak current 
density shows reducing formability. 
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c. In non-uniform deformation, increased flow stress and reduced 
fracture strain was observed with increasing value of peak current 
density. 
4) It is apparent that there is different deformation mechanism by looking at the 
slope for each experiment. This suggesting the effect of peak current density 
having threshold value before its activation. 
5) The activation temperature for peak current density effect is suggested near 
200 °C. 
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Chapter 4 Discussions 
4.1. Introduction 
From previous chapter, it is clear that there is different deformation mechanism for 
test condition at different temperature. But, difference in tensile properties for different 
peak current density also observed especially in 200 °C condition. 
This chapter will discuss about those different and try to determine the mechanism 
for uniaxial tensile test under high density pulsed current. 
4.1. Tensile properties and activation condition for electroplastic effect 
Figure 4 - 1 shows comparison of stress-strain curve shape for each temperature 
condition. The different becomes apparent between specimen with 70 °C and 200 °C 
conditions. At 70 °C, slope of the stress-strain curve looks similar with other research 
about AZ31B tensile properties at elevated temperature (Figure 4 - 2). But, for 200 °C 
specimens, the uniform deformation slope exhibit longer value differs from reference at 
Figure 4 - 2. This results suggesting that there are different mechanism of deformation of 
high density pulsed current and deformation using convection furnace. This difference 
serve as base of concluding that the electroplastic effect, or non-thermal effect, in high 
density pulsed current assisted forming is exist. 
But, there are also several research, as already mentioned in previous chapter, that 
repost the non-existent nature of electroplasticity [15], [18]. In case of Magargee research, 
the working temperature being used was room temperature since the specimen was under 
force-cooled environment [15]. For Jordan research, the current density applied to the 
C260 brass was 40 A/mm2 with maximum temperature clocking around 350 °C [18]. This 
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is suggesting that electroplastic effect demanding certain condition before the effect 
become significant. By evaluating this and previous research, there is certain temperature 
value demanded for the electroplastic effect to significant effect. This temperature value 
will be different for each material. It is possible that the minimum temperature, or 
activation temperature, for electroplastic effect related to the crystal structure and its slip 
system for each material. In this research, particularly for AZ31B foils, the activation 
temperature is 200 °C. 
 
Figure 4 - 1 Comparison of stress-strain curve for each temperature conditions 
It is also suggested that there is threshold value for current density to electroplastic 
effect takes significant role in material formability. As already mentioned in previous 
chapter, the threshold value of current density for electroplastic effect is in range of 10 
A/mm2 until 104 A/mm2 depending on the material [11]. It is suggested that Jordan [18] 
experiment, despite exhibiting high temperature did not observed electroplasticity since 
they applied fairly low current density. 
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From this discussion, it is concluded that for AZ31B the electroplastic effect will 
take significant effect regarding its temperature and the current density. For this 
experiment, it is concluded that this effect will start from 200 °C and 640 A/mm2 
conditions. 
 
Figure 4 - 2 Reference for stress-strain curve of AZ31B with convection heating  
(up [39] down [40]) 
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4.2. Power and temperature analysis 
Power analysis was conducted to have better understanding in the effect of peak 
current density on tensile properties of AZ31B. 
4.2.1. DC equivalent component of power 
 
Figure 4 - 3 DC equivalent power 
 Figure 4 - 3 shows the DC equivalent power for each peak current density 
condition. This DC equivalent power is parameter that mainly contributes to heat 
response of the specimen by resistance heating mechanism. From temperature 
measurement in previous it is noted that each peak current density possess same 
working temperature. But, from Figure 4 - 3 it is observed that there are receding 
trend for DC equivalent power with increasing peak current density. This result 
shows discrepancies with temperature measurement. It is then suggested that there 
are different heating mechanism with different peak current density and different 
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pulse condition. The difference in DC equivalent power for each condition shows 
relation with formability of AZ31B foils. With decreasing DC equivalent power, 
the formability also shows receding trend. 
The DC equivalent power is directly acquired from rms component of current 
density. This means the DC equivalent power can be regarded as the main 
contributor for resistance heating. But, as already mentioned before, the 
temperature shows same value around 200 °C despite having different DC 
equivalent power. This result suggests that higher peak current density and lower 
frequency is more efficient in term of resistance heating. 
 
Figure 4 - 4 Power per pulse for each condition 
4.2.2. Power per pulse 
Initial power per pulse for each condition is shown in Figure 4 - 4. Power 
input for when each individual pulses was flowing to the specimen was calculated. 
It is apparent and expected that the higher peak current density will possess higher 
Investigation of peak current density effect on magnesium alloy AZ3B foil  





power per pulses. Higher power input suggesting more energy available for 
helping movement of dislocation which will improve formability. But, the tensile 
properties for each condition show disagreement with power per pulse data. 
Despite having highest power per pulse value, the highest peak current density 
fracture strain was shown to be the lowest among other specimens. This result 
concludes that the power per pulse did not have significant contribution to the 
tensile property of AZ31B under high density pulsed current. 
It is noted that to achieve different peak current density with same 
temperature, the duty cycle for each conditions need to be different. This duty 
cycle will keep the RMS value to be in the same region to ensure each condition 
despite having different peak current density, will have same temperature. Duty 
cycle itself consist of two time component in the pulse condition, frequency and 
pulse width. In this research at 200 °C, the frequency component was changed and 
the pulse width kept in same value to control the duty cycle. 
The rising trend of power per pulse did not agree with formability trend with 
different peak current density. Despite having high power per pulse, instead the 
1820 A/mm2 condition possessing lowest formability rather than other condition. 
This phenomenon suggesting different mechanism affecting the way power 
distributed around the specimen. 
4.2.3. Dynamic heat response and energy distribution 
Referring from previous discussions, there is different mechanism in forming 
with pulsed current density by looking at its stress-strain curve, DC equivalent 
power, and power per pulse. One of different parameter that suggested giving 
contribution to this discrepancy in the data compared to conventional knowledge 
is frequency. The frequency used for each condition can be seen at Figure 4 - 5 
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Figure 4 - 5 Frequency for each peak current density condition 
This different frequency suggested having major contribution in dictating the 
tensile properties of each specimen. Despite having low peak current density, 
specimen in 640 A/mm2 condition shows highest fracture strain and lower flow 
stress from all the other condition. It is suggested that the frequency for each 
condition will affect the distribution of energy throughout specimens interior. 
Higher frequency will have more uniform distribution due to it has longest time 
for the energy to dissipate to all direction. This phenomenon visualization can be 
seen in Figure 4 - 6. 
As already mentioned before, the flow of electric current will induce local 
resistance heating in defect region due to its higher electrical resistance rather than 
its surrounding. Figure 4 - 6 (b) shows energy distribution in higher frequency 
mode. The high frequency gives the energy to distribute more evenly throughout 
material’s interior making the dislocation movement to be uniform. Contrast to 
that, Figure 4 - 6 (c) illustrate the distribution in lower frequency mode. Shorter 
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time component makes the energy gradient between each local area to be really 
high. This high energy gradient, or non-uniform distribution, makes certain region 
inside the specimen will have non-basal slip system but the other will still undergo 
basal slip system. The discrepancy in each area makes the specimen to have lower 
fracture strain and higher flow stress compared to specimen that exposed to higher 
frequency. 
 
Figure 4 - 6 Illustration for input energy distribution at (a) initial condition, (b) high 
frequency and (c) low frequency 
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Another approach to see the influence of frequency is by examining the 
dynamic heat response from the material during heating. As already mentioned 
before, the frequency for each condition is different. Figure 4 - 7 illustrate the 
different of frequency in real time for each condition. It is apparent from Figure 4 
- 7 that low frequency (60 Hz) will render the specimen with less pulse compared 
to higher frequency at 600 Hz. In 60 Hz condition, the pulse will only oscillate 
with 16 ms interval between each starting peak compared to 1.6 ms for 600 Hz. 
This situation makes the pulse at 60 Hz having longer off-time where no energy 
being added to the system contrast to 600 Hz condition. 
 
Figure 4 - 7 Different frequency visualization for each condition 
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Figure 4 - 8 Snapshot of transient response of joule heating as a result of the greater 
dislocation core electrical resistance [16]. 
Referring to report by Salandro in 2015 [16], heat response in joule heating 
induced temperature was different from standard convection heating. The 
travelling electron inside the interior of material will be likely to have more 
reaction with the dislocation core resulting higher transient temperature in 
dislocation core as can be seen in Figure 4 - 8 [16]. This means the heat generated 
in dislocation core will travel to another region with lower temperature to have 
uniform deformation mechanism throughout the material. 
From that background, prediction of temperature in the dislocation core at 
instantaneous time can be achieved using standard specific heat generation model,  
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where 𝑃 is the input power, 𝑡  is time function and 𝑄  is heat energy generated. 
Since 𝑄 can be converted to temperature by using, 
𝑄 =  𝜌 𝑉 𝑐 ∆𝑇 
where 𝜌 is material density, 𝑉 is material volume, 𝑐 is material intrinsic specific 
heat and ∆𝑇 is temperature difference, we can get 
∆𝑇 =  
𝑃 𝑡
 𝜌 𝑉 𝑐
 
From that equation the prediction of maximum temperature during instantaneous 
pulse on-time can be seen at Figure 4 - 9. 
 
Figure 4 - 9 Temperature in defect area during each pulse input 
It is clear that the maximum temperature at dislocation core for 1820 A/mm2 
is highest than the other condition suggesting that more energy can be absorbed 
for improving the dislocation movement. But as already stated before, the 
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formability for 1820 A/mm2 have the lowest value compared to others. By 
coupling the frequency and maximum instantaneous heat response Figure 4 - 10 
can be generated. By looking to Figure 4 - 10, it is apparent that despite having 
highest instantaneous temperature, the interval time between each pulse is longer 
than other condition. This situation makes the energy in 1820 A/mm2 not 
distributed evenly across the material and only concentrated at the dislocation core. 
The non-uniform energy distribution at low frequency makes the improvement in 
formability having lower value rather than high frequency despite having higher 
energy. 
 
Figure 4 - 10 Instantaneous heat response for each condition 
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4.3. Microstructure analysis 
Microstructure of specimen after fracture was analyzed. The measurement area is in 
ND-RD plane on the tip of specimens fracture area as can be seen in Figure 4 - 11. From 
this area, the microstructure in non-uniform deformation after fracture can be analyzed. 
Figure 4 - 12 shows average grain size for each peak current density condition. There 
is no trend observed for the average grain size in different peak current condition as can 
be seen in Figure 4 - 12. Therefore it is concluded that the peak current density difference 
did not contribute to microstructure evolution of the specimens. Despite that, the average 
grain size recorded to be smaller than the initial specimen before deformation.  
 
Figure 4 - 11 Microstructure analysis measurement area 
The initial average grain size was measured to be 8 μm while the specimen under 
high density pulsed current clocked at nearly 6 μm for every peak current density 
condition. This condition happens since there are new grains grown in result of dynamic 
recrystallization (DRX) during deformation. This result shows agreement with other 
research [13],[31], [36], [41]. The activation temperature of DRX reported to be 
averaging at 250 °C [42]. In this research, the DRX already observed at temperature of 
200 °C which means the early stage of DRX already happen with lower temperature than 
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the average reported temperature. The microstructure of each condition can be seen at 
Figure 4 - 13, Figure 4 - 14 and Figure 4 - 15. 
At low temperature, the non-basal slip systems are not activated and the twins 
undertake the main deformation mechanism for the alloy, and amounts of twins were 
generated under the impacts of local plastic deformation and surface mechanical 
enhancement [43]. By looking at the microstructure figure, it is noticed that small amount 
of twin were observed which indicates that, slight deformation takes place due to the 
effect from adjacent deformation zone. This result suggested that the area where twins 
appear has lower input energy thus making the basal slip system still takes the 
deformation behavior. 
 
Figure 4 - 12 Average grain size 
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4.4. Figure 4 - 13 Microstructure for 640 A/mm2 
4.5. 
 
Figure 4 - 14 Microstructure for 840 A/mm2 
 
 
Figure 4 - 15 Microstructure for 1820 A/mm2 
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Figure 4 - 16 shows kernel average misoriention (KAM) map for different peak 
current density. Despite being quantitative method, KAM map can be analyzed to assume 
the strain distribution of specimen after deformation. High degree of misorientation 
suggests that those local areas were subjected to higher strain contrast to lower degree. In 
the figure, the misorientation degree was recorded to be ranged from 0 until 5 with color 
code blue and red respectively by green in the middle. 
 
Figure 4 - 16 Kernel average misorientation map for (a) 640 A/mm2, (b) 840 A/mm2 and (c) 
1820 A/mm2 
The 640 A/mm2 specimen shows large distribution of low degree misorientation. 840 
A/mm2 specimen shows more sparsely distribution of misorientation. The distribution 
becomes more non-uniform in 1820 A/mm2 specimen. This result suggests there is 
different mechanism of strain distribution with different peak current density. The lower 
peak current density shows more uniformly distributed strain rather than higher peak 
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current density. Further analysis need to be conducted to conclude the reason of different 
strain distribution of different peak current density. 
The twins observed and distributions of strain in KAM map support the discussion in 
previous section about non-uniform energy distribution in low frequency experimental 
condition. In case of twin, it was suggested that the area which twin was observed was not 
acquire enough energy to change its deformation mechanism into another slip system 
resulting in twin as way to release the stress. This happens due to energy distribution not 
entirely uniform in pulsed current assisted forming. 
For KAM map, the distribution in energy in the interior of specimen resulting in 
distribution of strain evaluated from the misorientation degree in KAM map. At 640 
A/mm2, the distribution of misorientation apparent to be more uniform contrast to 
specimen at 1820 A/mm2 despite having same surface temperature. This discrepancy in 
strain distribution suggested as the result of non-uniform energy distribution at 1820 
A/mm2. 
4.6. Optimum condition for high density pulsed current assisted 
forming 
From analysis of the tensile properties, dynamic heat response, energy distributions 
and the microstructure, optimum condition for forming with high density pulsed current 
can be determined. 
From previous discussion, it is apparent that main contributor for effect of peak 
current density to alter the formability is pulse time function and peak current density 
component. For the time function, it will affect the distribution of energy. The distribution 
of energy has proportionate relationship with the time function, in this case frequency. In 
lower frequency it was observed that receding formability was caused by non-uniform 
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energy distribution results in difference deformation energy in each grain. This different 
in deformation energy makes the flow stress to be higher than the specimen with higher 
frequency. 
Second contributor is peak current density. From the dynamic heat response analysis, 
it is clear that higher peak current density will resulting in higher energy input for each 
pulse. This energy input will promote the dislocation movement making the formability 
to be improved. In case of direct current application, the current density is limited by 
materials joule heating reaction. By increasing the current density, the temperature will 
increase proportionately resulting in really high temperature until the material melt or in 
case of AZ31B, combust into Magnesium oxide. 
Contrast to that, the current density in pulsed current can be increased without 
rendering the material with high temperature due to its time function. The time function 
and peak current density has counterproductive relation in order to improve the 
formability. 
By increasing the peak current density for same temperature, energy input will 
increase but the low frequency will hindered distribution of the energy. Judging from 
previous results and discussions, pulse condition of 840 A/mm2 and frequency of 330 Hz 
chosen as the optimum parameter in this particular experiment. 
4.7. Conclusion 
Conclusion for discussions above are: 
1) Activation condition for electroplastic effect for AZ31B foils are 200 °C and 
640 A/mm2. 
2) Specimen with 1820 A/mm2 and 600 Hz condition has better efficiency 
regarding its resistance heating component. 
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3) Peak current density and frequency have major contribution in dictating the 
formability of AZ31B under high density pulsed current. 
4) The peak current serve as main parameter to improve the formability of 
AZ31B foils. 
5) Lower frequency condition will hinder the improvement of formability by 
peak current density. 
6) Distribution of energy from peak current density is influenced by the 
frequency. Lower frequency will hinder the energy from distributing evenly 
in the interior of specimen, rendering the specimen to failure sooner. 
7) Smaller average grain size for higher peak current density proofing that 
higher peak current density has more instantaneous power thus produce more 
new grain in dynamic recrystallization process. 
8) Distribution of strain in KAM map proves that there is different energy 
distribution mechanism with different frequency. 
9) Optimum value for experiment by compromising the peak current density and 
the distribution of energy is 840 A/mm2 and 330 Hz condition. 
 
Investigation of peak current density effect on magnesium alloy AZ3B foil  





Chapter 5 Conclusion 
5.1. Overall conclusion 
Investigation of peak current density effect on AZ31B foils by uniaxial tensile test 
was successfully conducted. Several results can be concluded from this research 
mentioned as follow: 
1) Uniaxial tensile test on AZ31B as preliminary experiment in 40 °C, 70 °C 
and 200 °C was successfully conducted. 
2) Rough line was observed in all stress-strain curves. It is attributed from the 
temperature variation due to the specimen size. 
3) There is no observed effect of peak current density for AZ31B foil at  70 °C 
conditions. 
4) The effect of peak current density was not observed at low temperature 
resulted from small difference in energy input despite having different time 
function. 
5) Threshold value for electroplascity effect on AZ31B foils is 200 °C and 640 
A/mm2. 
6) At 200 °C, effect of peak current density on tensile properties of AZ31B was 
observed. Higher peak current densities observed to have higher stress and 
lower fracture strain. 
7) The mechanism of difference observed in tensile properties at 200 °C is non-
uniform energy distribution due to varying time function with different 
pulsed current condition. 
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8) Shorter exposed time will produces less uniform energy distribution. Non-
uniform distribution of energy to support the dislocation movement resulting 
in lower formability of specimen in low frequency condition. 
9) Thus, the effect of peak current density on AZ31B tensile properties under 
same temperature can be explained by modeling its energy distribution due 
to time component of pulsed current. 
10) Optimum value for this particular experiment founded to be 840 A/mm2 and 
330 Hz. 
5.2. Issues and future works 
The effect of peak current density on tensile properties of AZ31B was investigated. 
But, there are still some issues that can be discussed to achieve better understanding of 
the mechanism of electroplasticity on AZ31B foils. The issues and its suggested future 
works are: 
1) Despite being neglected in this research due to regarded as minor issues, the 
rough line in stress-strain curve also categorized as contributing error. Due to 
this reasoning, it is necessary to remove the temperature variation by reducing 
the ratio of surface area and its volume. It is suggested to increase the 
material size and thickness in order to retain more heat to avoid transient 
dissipation. 
2) It is concluded that time function in pulsed current as the main contributor for 
different mechanism in different peak current density. To have better 
understanding of this phenomenon, it is suggested to conduct another 
experiment focusing in that phenomenon. 
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3) This research utilizing magnesium alloy AZ31B as its main workpiece. From 
the discussion about electroplasticity, it is suggested that different material 
will have different reaction to exposing pulsed current while forming. It is 
suggested to investigate this effect on other material. 
4) To have better understanding of main mechanism in pulsed current assisted 
forming, it is suggested to consider another electrical variable such as, but not 
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